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FOREWORD

The U.S. Geological Survey (USGS) is
committed to serve the Nation with accurate and timely
scientific information that helps enhance and protect
the overall quality of life, and facilitates effective
management of water, biological, energy, and mineral
resources. (http://www.usgs.gov/). Information on the
quality of the Nation’s water resourcesis of critical
interest to the USGS becauseit isso integrally linked to
thelong-term availability of water that is clean and safe
for drinking and recreation and that is suitable for
industry, irrigation, and habitat for fish and wildlife.
Escal ating population growth and increasing demands
for the multiple water uses make water availability,
now measured in terms of quantity and quality, even
more critical to the long-term sustainability of our
communities and ecosystems.

The USGS implemented the National Water-
Quality Assessment (NAWQA) Program to support
national, regional, and local information needs and
decisions related to water-quality management and
policy. (http://water.usgs.gov/nawga). Shaped by and
coordinated with ongoing efforts of other Federal,
State, and local agencies, the NAWQA Program is
designed to answer: What is the condition of our
Nation’s streams and ground water? How are the
conditions changing over time? How do natural
features and human activities affect the quality of
streams and ground water, and where are those effects
most pronounced? By combining information on water
chemistry, physical characteristics, stream habitat, and
aguatic life, the NAWQA Program aimsto provide
science-based insights for current and emerging water
issuesand priorities. NAWQA results can contribute to
informed decisions that result in practical and effective
water-resource management and strategies that protect
and restore water quality.

Since 1991, the NAWQA Program has
implemented interdisciplinary assessmentsin more
than 50 of the Nation’s most important river basins and
aquifers, referred to as Study Units.
(http://water.usgs.gov/nawga/nawgamap.html).
Collectively, these Study Units account for more than
60 percent of the overall water use and population
served by public water supply, and are representative of
the Nation’s major hydrologic landscapes, priority
ecological resources, and agricultural, urban, and
natural sources of contamination.

Each assessment is guided by a nationally
consistent study design and methods of sampling and
analysis. The assessments thereby build local
knowledge about water-quality issues and trendsin a
particular stream or aquifer while providing an
understanding of how and why water quality varies
regionally and nationally. The consistent, multi-scale
approach helpsto determine if certain types of water-
quality issues are isolated or pervasive, and allows
direct comparisons of how human activities and natural
processes affect water quality and ecological health in
the Nation’s diverse geographic and environmental
settings. Comprehensive assessments on pesticides,
nutrients, volatile organic compounds, trace metals,
and aquatic ecology are developed at the national scale
through comparative analysis of the Study-Unit
findings. (http://water.usgs.gov/nawaga/natsyn.html).

The USGS places high value on the
communication and dissemination of credible, timely,
and relevant science so that the most recent and
available knowledge about water resources can be
applied in management and policy decisions. We hope
this NAWQA publication will provide you the needed
insights and information to meet your needs, and
thereby foster increased awareness and involvement in
the protection and restoration of our Nation’s waters.

The NAWQA Program recognizesthat a national
assessment by a single program cannot address all
water-resource issues of interest. External coordination
at al levelsiscritical for afully integrated
understanding of watersheds and for cost-effective
management, regulation, and conservation of our
Nation’s water resources. The Program, therefore,
depends extensively on the advice, cooperation, and
information from other Federal, State, interstate,
Tribal, and local agencies, non-government
organizations, industry, academia, and other
stakeholder groups. The assistance and suggestions of
al are greatly appreciated.

flotet m. Herochs

Robert M. Hirsch
Assocaite Director for Water
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Ground-Water Quality in the Santa Ana Watershed,
California: Overview and Data Summary

By Scott N. Hamlin, Kenneth Belitz, Sarah Kraja, and Barbara Dawson

EXECUTIVE SUMMARY

Water-quality samples were collected from
207 wellsin the SantaAnaBasin in the Coastal
Range Province of southern Californiato assess
the occurrence and distribution of dissolved
constituents in ground water as part of the U.S.
Geological Survey’s National Water-Quality
Assessment (NAWQA) program. These wells
were sampled during eight studies from 1999 to
2001 that were designed to sample the used water
resource at different scales: (1) three subunit
surveys (SUS) characterized water quality at a
regional scale, (2) two flow-path studies (FPS)
focused on spatial and temporal variationsin water
quality along aflow path, (3) an urban land-use
study (LUS) focused on evaluation of water
quality in shallow ground water, and (4) two
California Aquifer Susceptibility studies (CAS)
assessed aquifer susceptibility to contamination.

The SantaAnaBasin isdivided into three
subbasins; the Coastal Basin, the Inland Basin, and
the San Jacinto Basin. In the Coastal Basin, four
studies were done; the Coastal Subunit Survey,
Coastal Land-Use Study, Coastal Flow-Path Study,
and Orange County CaliforniaAquifer
Susceptibility assessments. The urban land-use
study sampled shallow monitoring wells not used
for public supply; samples for the other three
studies were primarily from deep production
wells. In the Inland Basin, there were two studies:
the Inland Subunit Survey, which sampled deep
production wells and the Inland Flow-Path Study,
which sampled deep monitoring and production
wells. In the San Jacinto Basin, production wells

were sampled for two studies: the San Jacinto
Subunit Survey and the San Jacinto California
Aquifer Susceptibility study.

The Coastal Basin includes arelatively
small unconfined recharge area and arelatively
large confined area where ground-water pumping
isthe primary source of discharge. Land useis
almost entirely urban. The Inland Basinis
predominantly unconfined and land use is urban
and agricultural. The San Jacinto Basin islargely
unconfined and land use is mostly agricultural.

Major-ion composition of ground water is
similar in the subbasins, except for shallow ground
water in the Coastal Basin sampled for the urban
land-use study, ranging between calcium-
bicarbonate and sodium-sulfate/chloride water
types. Many of these monitoring wells are located
in ahistorical marsh areaand water quality reflects
the influence of seawater.

Water-quality data discussed in this report
are compared with U.S. Environmental Protection
Agency (EPA) drinking-water standards, both
primary and secondary. The EPA secondary
maximum contaminant level (MCL) for dissolved-
solids concentration is 500 mg/L. This standard
was exceeded in 39 percent of the deep
productions wells sampled in all three subbasins,
and in 92 percent of the urban land-use monitoring
wells; one shallow monitoring well had a
dissolved-solids concentration of 25,500 mg/L
(milligrams per liter). Many of these shallow
monitoring wells tap nonpotable ground water;
water quality generally reflects the historical
saltwater marsh environment in much of the area
and the effects of landscape maintenance at many
of the sites.

Executive Summary 1



The secondary MCLsfor chloride and
sulfate are each 250 mg/L. The chloride standard
was exceeded in several production wells not used
for public supply; one well in the Coastal Basin
and in two wellsin the San Jacinto Basin. Water
from about 40 percent of the coastal urban land-
use monitoring wells exceeded the secondary
MCL for chloride; the highest concentration was
9,430 mg/L. The sulfate standard was exceeded in
five production wellsused for irrigation distributed
among the three basins. However, 80 percent of
the samples from the urban land-use monitoring
wells exceeded the secondary MCL for sulfate; the
highest concentration was 5,270 mg/L. A potential
source of high chloride and sulfate concentrations
isresidual saltwater from the historical marsh
environment.

The MCL for nitrate (as nitrogen) is 10
mg/L. The San Jacinto Basin had the greatest
percentage of exceedances for nitrate; water from
22 percent of the production wells sampled for the
subunit survey exceeded the MCL. The highest
nitrate concentration from these samples was 16.6
mg/L. In the Inland Basin, nitrate concentrations
exceeded the MCL in water from 14 percent of the
production wells sampled; the highest nitrate
concentration was 20.1 mg/L. In the confined
Coastal Basin, all municipal-supply wells sampled
produced water having nitrate concentrations
below 10 mg/L. However, water from 19 percent
of the shallow monitoring wells sampled for the
urban land-use study had nitrate concentrations
exceeding the MCL.

Water-quality samples were analyzed for 22
trace el ements. Water from some wells exceeded
secondary MCLs for manganese (50 ug/L
[micrograms per liter]) and iron (300 ug/L) and
(or) proposed MCLsfor arsenic (10 ug/L) and

uranium (30 ug/L). Of the 94 production wells
sampled for trace elements, 3irrigation wellsin
the Coastal Basin produced water that exceeded
the secondary MCL for manganese. Water samples
from all other production wellswerein
compliance with EPA standards for all other trace
elements, including the proposed M CL for arsenic.
However, existing secondary MCL s and proposed
MCLs were exceeded in water from some
monitoring wells. In the urban land-use
assessment, secondary MCLs for iron and
manganese were exceeded in water samples from
11 and 20 wells, respectively. Also in the urban
land-use assessment, proposed MCLs for arsenic
and uranium were exceeded in water from 5 and
12 wells, respectively. In the Inland flow-path
study, secondary MCLs for iron and manganese
were exceeded in samples from two and seven
monitoring wells, respectively.

Radon is aradioactive decay product of
radium, which in turn is a decay product of
uranium. The EPA has devel oped aproposed MCL
of 300 pCi/L (picocuries per liter) and an
alternative MCL of 4,000 pCi/L for radonin
drinking water. The proposed MCL appliesto
areas that do not have multimedia mitigation
programsin place that satisfy the requirements of
the alternative MCL for indoor air. Water from
production wells sampled in all three subbasins
exceeded the proposed MCL, including about 95
percent of the wells sampled for the coastal
subunit survey. About 75 percent of the sites
sampled for the urban land-use study had radon
concentrations exceeding the proposed MCL. The
aternative MCL for radon was exceeded in a
sample from a single public-supply well in the
Inland Basin (4,560 pCi/L).
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Two U.S. Geological Survey (USGS)
laboratory schedules were used for pesticide
analyses; schedule 2001 (133 wells sampled) and
laboratory code 9060 (92 wells sampled).
Pesticides were detected above the laboratory
reporting limit (LRL) in 50 percent of the
production and monitoring wells sampled in the
Santa AnaBasin. Deethylatrazine, simazine,
atrazine, tebuthiuron, and prometon were the five
most commonly detected pesticides in the current
USGS studies. All pesticide concentrations
detected in these studies were below MCLs
established by the EPA. Pesticide detections were
most frequent in the unconfined Inland Basin
aquifers (83 percent) and least frequent in the
confined Coastal Basin aquifers (about 34
percent). Pesticides were detected less frequently
in the deep production wells of the Coastal Basin
(25 percent) than in the intermediate-depth
production wells (43 percent).

The 85 volatile organic compounds (VOCs)
analyzed for include solvents, refrigerants,
fumigants, disinfection by-products, and gasoline
compounds; 38 compounds were detected above
the LRL in the wells sampled. VOCs were
detected in 115 wells (56 percent) of the 207 wells
sampled. Of the 38 VOCs detected, only 13 were
detected in more than five wells. The most
commonly detected VOCs, in order of detection
frequency, were chloroform; trichloroethlyene,
TCE; 1,1,1-trichloroethane, TCA;
trichlorofluoromethane, CFC 11, 1,1,2-trichloro-
1,2,2-trifluoroethane, CFC 113;
tetrachl oroethylene, PCE; bromodichloromethane;
methyl tert-butyl ether, MTBE;
1,1-dichloroethene, 1-1-DCE; and
1,2- dichloroethene, 1,2-DCE. VOCs were
detected most frequently in production wellsin the
unconfined Inland Basin (66 percent) and least

frequently in the confined Coastal Basin (48
percent). In the Coastal Basin, VOC detection
frequency was not clearly a function of aquifer
depth. The only exceedances of EPA MCLsfor
VOCs occurred in six irrigation wells sampled for
the Inland Subunit Survey, and in two deep
monitoring wells sampled for the Inland Flow-
Path Study.

ABSTRACT

Water-quality samples were collected from
207 wellsin the Santa Ana Basin in the Coastal
Range Province of southern Californiato assess
the occurrence and distribution of dissolved
constituents in ground water as part of the U.S.
Geological Survey’s National Water-Quality
Assessment (NAWQA) program. These wells
were sampled during eight studies from 1999 to
2001 that were designed to sample the used water
resource at different scales: (1) three studies
characterized water quality at aregiona scale;

(2) two studies focused on spatial and temporal
variations in water quality along flow paths;

(3) aland-use study focused on evaluation of water
quality in shallow ground water; and (4) two
studies assessed aquifer susceptibility to
contamination.

The SantaAnaBasin isdivided into the
Coasta Basin, the Inland Basin, and the San
Jacinto Basin. The Coastal Basin includes a
relatively small unconfined recharge area and a
relatively large confined area where ground-water
pumping is the primary source of discharge. Land
useisamost entirely urban. The Inland Basinis
predominantly unconfined and land use is urban
and agricultural. The San Jacinto Basin is largely
unconfined and land use is mostly agricultural.
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Water-quality data discussed in this report
are compared with U.S. Environmental Protection
Agency (EPA) drinking-water standards, both
primary and secondary. Most exceedances of
maximum contaminant levels (MCLs) occurred in
the shallow, coastal monitoring wells that tap
ground water not used for water supply. Water
from several irrigation wellsin the Inland and San
Jacinto basins exceeded the 10 mg/L (milligrams
per liter) MCL for nitrate. Water from some wells
exceeded secondary MCL s for manganese (50
ug/L [micrograms per liter]) and iron (300 ug/L)
and (or) proposed MCLsfor arsenic (10 ug/L) and
uranium (30 ug/L). Of the 94 production wells
sampled for trace elements, 3irrigation wellsin
the Coastal Basin produced water that exceeded
the secondary MCL for manganese. Water from
production wells sampled in all three subbasins
exceeded the proposed MCL for radon (300 pCi/L
[picocuries per liter]).

Pesticides were detected above the
laboratory reporting limit (LRL) in 50 percent of
the production and monitoring wells sampled in
the Santa Ana Basin. Deethylatrazine, smazine,
atrazine, tebuthiuron, and prometon were the five
most commonly detected pesticides in the current
USGS studies. All pesticide concentrations
detected in these studies were below MCLs
established by the EPA.

Volatile organic compounds (VOCs) were
detected in 115 wells (56 percent) of the 207 wells
sampled. Of the 38 VOCs detected, only 13 were
detected in more than five wells. The most
commonly detected VOCs, in order of detection
frequency, were chloroform; trichloroethlyene,
TCE; 1,1,1-trichloroethane, TCA;
trichlorofluoromethane, CFC 11; 1,1,2-trichloro-
1,2,2-trifluoroethane, CFC 113;
tetrachloroethylene, PCE; bromodichloromethane;
methyl tert-butyl ether, MTBE; 1,1-
dichloroethene, 1-1-DCE; and 1,2- dichloroethene,
1,2-DCE. The only exceedances of EPA MCLsfor

VOCs occurred in six irrigation wells and in two
deep monitoring wells sampled in the Inland
Basin.

INTRODUCTION

The SantaAna NAWQA (SANA) study unit is
located in the Coastal Range Province of southern
Cdlifornia(fig. 1). The SantaAnaRiver isthe largest
stream system in southern California, beginning in the
San Bernardino Mountains (which reach atitudes
exceeding 10,000 ft) and flowing more than 100 mi to
the Pacific Ocean near Huntington Beach. The climate
is mediterranean having hot, dry summers and cool,
wet winters. Average annual rainfall rangesfrom 12in.
inthe coastal plain, and 18 in. intheinland valley, to 40
in. in the San Bernardino Mountains.

Major water-quality issuesin the SANA study
unit are total dissolved solids (TDS), nutrient loading
(nitrate), and VOCs. In general, the quality of surface
and ground water becomes progressively poorer as
water moves along hydraulic flow paths. The highest
quality water istypically associated with tributaries
flowing from surrounding mountains and with ground
water recharged by these streams. Water quality is
atered by high-salinity water imported from the
Colorado River, wastewater discharge, urban runoff,
dairy operations (360,000 cows in an area less than 50
mi2 upstream from Prado Reservoir), point sources of
VOCs, and artificial recharge (Hamlin and others,
1999).

The 2,700-mi2 watershed is home to over 4
million people, and the population is expected to
increase by more than 50 percent by the year 2020.
During the same period, water demand is expected to
increase by somewhat less than 50 percent (Santa Ana
Watershed Project Authority, 1998).

Ground water is the main source of supply inthe
watershed, providing about two-thirds of thetotal water
demand (about 1.2 million acre-ft/yr). Imported water
from northern California and the Colorado River
accountsfor about one-quarter of thetotal consumptive
demand. Local surface water provides the remaining
supply. Urban water use (63 percent) exceeds
agricultural water use (28 percent of total use) in the
study area (Hamlin and others, 1999).

4 Ground-Water Quality in the Santa Ana Watershed, California: Overview and Data Summary
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The SantaAna study unit can be subdivided into
three primary subunits; the Coastal Basin, the Inland
Basin, and the San Jacinto Basin_(fig.1). Water-bearing
deposits in the alluvium-filled basins are bounded by
relatively impervious uplands. Urban and agricultural
land uses occur primarily in the alluvium-filled valleys
and coastal plain. Land use in the watershed is about
35-percent urban; 10-percent agricultural; and 55-
percent open space, primarily steep mountain slopes.

The Coastal Basin occupies the southern third of
the approximately 800-mi? coastal LosAngeles Basin.
Within this basin, the freshwater-bearing deposits are
as great as 4,000 ft thick (Herndon and others, 1997).
The Orange County Water District (OCWD) monitors
ground-water pumpage (about 300,000 acre-ft/yr) and
manages artificial recharge (200,000 to 250,000 acre-
ft/yr) to ameliorate historical ground-water overdraft.

The Coastal Basin has been subdivided into the
Main Basin and the Irvine subbasin (Herndon and
others, 1997). The Main Basin has been divided into
forebay (recharge) and pressure (confined) areas on the
basis of relative abundance of shallow clay layers
(Cdifornia Department of Public Works, 1934). The
forebay area occupies about 50 mi2 along, and
adjacent, to the SantaAna River after it leaves the
SantaAnaMountains and is located north and east of
the Interstate-5 freeway (fig. 2). Theforebay consists of
unconsolidated sands and gravels with occasional
lenses of clay and silt (Herndon and others, 1997). The
clay and silt lenses do not generally impede vertical
ground-water flow (Herndon and others, 1997).
Spreading basins in the forebay area, operated by the
OCWD, provide the primary source of recharge to the
ground-water basin. The sources of recharged water are
the Santa Ana River and water imported from northern
Cdiforniaand the Colorado River. Production from the
aquifer system occurs primarily in the confined
(pressure) areas of the basin. The main production
zones are generally between 300 and 1,500 ft below
land surface, with most of the pumpage from the
interval between 500 and 1,000 ft. The main production
zoneis overlain by 300 to 500 ft of deposits which
consist primarily of silt and clay, which typically
impede vertical ground-water flow (Herndon and
others, 1997). Seawater has intruded alluvial aquifers
in some coastal areas (Herndon and others, 1997).

Injection-well barriersthat utilize freshwater have been
installed to prevent further intrusion of seawater into
major production zones. Pumpage is the major
component of ground-water discharge in the Coastal
Basin (Herndon and others, 1997).

The Irvine subbasin isin the southeastern part of
the Coastal Basin. The depositsin this subbasin are
thinner (typically 200 to 1,000 ft) and substantially
finer grained (primarily clay and silt) than thosein the
Main Basin. The aquifersin the Irvine subbasin are
relatively thin, composed of silty sand with lesser
amounts of gravel (Herndon and others, 1997). Water
quality in the Irvine subbasin is suitable for irrigation
but generally not for municipal supply (Nira
Yamachika, OCWD, oral commun., 2002). Although
less transmissive, deposits in the Irvine subbasin are
hydraulically continuous with the aquifersin the Main
basin (Herndon and others, 1997).

The Inland Basin isfilled with alluvial deposits
eroded from the surrounding mountains. The thickness
of these deposits ranges from less than 200 to more
than 1,000 ft (Wildermuth Environmental, Inc., 2000).
Recharge to the basin varies seasonally and is largely
from infiltration of runoff from the San Gabriel and
San Bernardino Mountains., Much of the runoff is
diverted into storm-detention basins, which also
operate as ground-water recharge facilities (fig. 3).
Surface water imported from northern California and
the Colorado River is also used to recharge the ground-
water basin. Depth to water ranges from hundreds of
feet near the flanks of mountains to near land surface
aong rivers and in wetland areas. Ground-water
discharge occursprimarily by ground-water withdrawal
for public supply.

Faults play an important rolein the ground-water
flow system of the Inland Basin. The San Andreas
Fault, which lies along the base of the San Bernardino
Mountains, and other faults, which lie along the base of
the San Gabriel Mountains and Chino Hills, bound the
Inland Basin flow system on three sides. Other faults,
such as the San Jacinto Fault, divide the basin into
several subbasins. Theseinterior faults locally restrict
ground-water flow and control the location of ground-
water discharge (Izbicki and others, 1998; Woolfenden
and Kadhim, 1997).

6 Ground-Water Quality in the Santa Ana Watershed, California: Overview and Data Summary
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The aquifer system of the San Jacinto Basin
consists of a series of interconnected alluvium-filled
valleys bounded by steep-sided bedrock mountains and
hills. The thickness of depositsin these valleys
typically ranges from 200 to 1,000 ft (Wildermuth
Environmental, Inc., 2000). Collectively, alluvium
covers about one-half of the total areain the subunit.
Prior to development, recharge to the flow system was
from infiltration of mountain streams, primarily the
San Jacinto River. Presently, rechargeis largely from
irrigation return flows and from percolation ponds
filled with reclaimed water. Ground-water discharge
occurs primarily by ground-water pumpage. Water
levelsin the alluvium-filled subbasins are greatly
affected by local management practices, including
augmentation of ground-water pumpage by use of
imported water and recharge with reclaimed water.

In addition to the USGS NAWQA assessment of
water quality, numerous local studies have been
conducted in the SANA ground-water basin by local,
State, and Federal agencies. It is beyond the scope of
this report to review those studies.

The Santa Ana Watershed Project Authority
(SAWPA) was formed in 1972 to plan and build
facilities to protect water quality in the SantaAna
watershed (Santa AnaWatershed Project Authority,
1998). The SAWPA encompasses five major water
districtsin the basin. There are several local agencies
that collect and interpret water-quality datain the Santa
AnaBasin; OCWD, Inland Empire Utilities Agency
(IEUA), and Eastern Municipa Water District
(EMWD). OCWD has implemented programsto
recharge the Coastal ground-water basin, has
devel oped new wastewater-treatment processes, and
manages anumber of programsto protect the quality of
available water supplies. OCWD performs about
300,000 analyses per year on more than 15,000
samples collected from about 700 wells in the basin.

The IEUA, formerly Chino Basin Municipal
Water District, encompasses several water agencies,
including the San Bernardino Municipal Water District
and the Western Municipal Water District. The IEUA
and Western Municipal Water District are located
immediately upstream from OCWD in the Inland
Basin. The Chino Basin Water Master manages
ground-water use and has implemented programs to
reclaim wastewater and to remove salts from areas of
saline ground water. The main water-quality issuesin
this subbasin, asin most of the SantaAnaBasin, are
high concentrations of nitrate and dissolved solids.

Additionally, VOC plumes have impacted water quality
in severa areas. The USGS has conducted studiesin
the Inland Basin in cooperation with local water
agenciesto investigate nitrate and VOC contamination
of ground water, to evaluate ground-water chemistry
and recharge, and to optimize ground-water use and
pumpage (Klein and Bradford, 1979; Duell and
Schroeder, 1989; |1zbicki and others, 1998; Woolfenden
and Kadhim, 1997; Rees and others, 1994; Danskin
and Freckleton, 1992).

The EMWD islocated within the San Jacinto
Basin and has implemented programsto reclaim
wastewater and optimize ground-water use to reduce
dependence on imported water. The USGS has
conducted studies in cooperation with EMWD to
describe geohydrology and water quality in the basin
(Burton and others, 1996; Kaehler and others, 1998).

Purpose and Scope

This report presents data that describe ground-
water quality in the Santa Ana study unit of the USGS
NAWQA program. The purpose of thisreport is
twofold: (1) to compile, organize, and present data
collected during eight ground-water studies conducted
in the Santa Ana watershed and (2) to discuss ground-
water quality in the context of drinking-water standards
established by the U.S. Environmental Protection
Agency (EPA). The studies collected data to define
overall water-quality conditionsin the basins, to define
flow pathsin the Coastal and Inland Basins, to
determine shallow ground-water quality in the Coastal
Basin, and to determine the susceptibility of aquifersto
potential contamination.

Two hundred and seven wells, of which about
two-thirds were used for municipal supply, were
sampled between April 1999 and August 2001 during
the course of the eight studies. Typical chemical
analytes determined included 10 magjor ions, 6
nutrients, dissolved organic carbon (DOC), 22 trace
elements, uranium, radon-222, tritium, stable isotopes,
more than 100 pesticides, and more than 80 volatile
organic compounds (VOCs). In addition to these
determinations, field parameters were measured
including water temperature, specific electrical
conductance, dissolved oxygen, pH, turbidity, and
akalinity.
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Water quality in the three ground-water basinsis
described overall by using trilinear diagrams and box
plots. These data are also discussed in the context of
EPA standards established to regulate constituents that
may be harmful to human health (primary maximum
contaminant levels) or affect the aesthetic quality of
drinking water (secondary maximum contaminant
levels). Percentages of analytes that exceed EPA
drinking water standards are presented for each basin.
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STUDY DESIGN

NAWQA studies are designed to provide an
integrated assessment of water quality and provide data
that is consistent with and comparable to data from
other NAWQA study units. The suite of analytes for

NAWQA studiesis extensive; more then 20 trace
elements, 100 pesticides, and 80 volatile organic
compounds. In addition, detection limits for VOCs,
pesticides, and trace elements are commonly much
lower than regulatory guidelines and limits established
for drinking water. Quality-assurance and quality-
control activities have been designed to guide data-
collection methods and to quantify measurement
variability, respectively (Koterba and others, 1995).

The SANA ground-water study was divided into
three components:. (1) aregiona assessment of water
quality (subunit survey, or SUS), (2) characterization of
spatial and temporal variationsin water quality along a
ground-water flow path (flow-path study, or FPS), and
(3) an evaluation of water quality in shallow ground
water associated with recent urban development (urban
land-use study, or ULUS). Protocols for NAWQA
studies are described in detail by Gilliom and others,
1995. Additional wells were sampled for VOCs and
tritium-helium in cooperation with the California
Aquifer Susceptibility (CAS) program. Three regional
SUS assessments were completed in the Coastal
(COSUS), Inland (INSUS), and San Jacinto
(SANSUS) Basins (figs. 2-4). Variation of water
quality in the SUS subbasinsis primarily related to
hydraulic constraints (for example, confined versus
unconfined system, and location aong flow paths),
distribution and quality of recharge (imported water
versus local sources), and occurrence of contaminant
sources (type and distribution). Wells sampled for the
Coastal flow-path study define radial flow extending
from recharge facilities in the upper part of the basin
toward the coast (fig. 3). A second flow-path study was
completed in the Inland Basin (INFPS) (Dawson,
2002). The Coastal urban land-use study (COLUS)
evaluates factors that affect shallow ground-water
quality intheimmediate vicinity of thewells. VOC and
tritium data collected during two CAS studies permit a
more detailed evaluation of ground-water flow in the
Coastal and San Jacinto Basins.
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Subunit Surveys

The SANA study provides an integrated,
regional assessment of ground-water quality in the
Santa Ana watershed. The results of smaller scale
studies are evaluated in the context of the regional
characterization of ground-water quality. The primary
objectivesin the selection of wellsfor NAWQA
subunit survey (SUS) assessments are to attain a
sampling density of at least one well per 40 mi2 (100
km?), randomly select at least 20 wells per SUS, and
minimize variability in well type to adequately
characterize the quality of the ground-water resource
used for public supply (Gilliom and others, 1995). In
the Santa Ana watershed, production wells are used for
public supply and provide the best definition of water
quality in the main aquifer systems. Wells were
selected for each SUS using a grid-based program to
produce equal-area, random cells (Scott, 1990). The
program was used to generate 20 cellsin the smaller
Coastal Basin (COSUS), and 30 cellseach in the
Inland (INSUS) and San Jacinto (SANSUS) Basins. An
attempt was made to select one well per cell. Wells
from adjacent cells were used to populate cells that
either had no active wells or contained wells that did
not meet NAWQA selection criteria, such asthose
lacking well-construction data. Twenty wells were
sampled during the COSUS assessment, achieving a
sampling density of about 1 well per 14 mi2 (35 km?).
Twenty-nine wells were sampled for the INSUS
assessment to achieve a density of about one well per
23 mi2 (60 km?). Twenty-three wells were sampled for
the SANSUS assessment, resulting in a sampling
density of about 1 well per 17 mi2 (45 km?).

Flow-Path Studies

The primary objectives of NAWQA flow-path
studies (FPS) are to characterize the distribution of
water-quality constituents in relation to ground-water
flow, improve understanding of the natural and human
factors that effect water quality along flow paths, and
evaluate the relation between surface- and ground-
water quality (Gilliom and others, 1995). When
possible, FPS assessments are located at or near
existing research sites to take advantage of databases
established by previous study.

In both the Coastal and Inland flow-path studies
(figs. 2 and_3), the flow paths originate in the
“headwaters’ of the ground-water basin and extend
toward a discharge area. The COFPS was designed to
characterize variation in ground-water quality as water
moves from recharge facilities located in the forebay of
the Coastal Basin toward the natural discharge area at
the coast. As aresult of urbanization in the basin,
pumpage from production wellsis now the primary
component of ground-water discharge. Sources of
recharge include treated wastewater, imported water,
runoff from urban, agricultural, and undevel oped areas.
Ground-water flow in the deep aquifers becomes
mostly confined afew milesfrom the recharge facilities
and is generally insulated from overlying land uses.
The COFPS is defined by data from 23 wellsthat are
completed in the intermediate-depth aquifer zone; most
depths are between 200 and 800 feet, and average
depth is about 500 ft. Data from these wells were used
to determine the extent of recharged water in the main
ground-water basin and indicate large-scale
replacement of native ground water by imported water
(Shelton and others, 2001). Results from studiesin the
Coastal Basin also indicate that anthropogenic
chemicals (such asVVOCs and tritium) are good tracers
of imported recharge water in the ground-water system
(Shelton and others, 2001).

The INFPSislocated in the Inland Basin along a
losing reach of the Santa Ana River, ending near the
San Jacinto Fault, which forms a partia barrier to
ground-water flow. Recharge originates in the San
Gabriel and San Bernardino Mountainsand is
relatively free of contamination. Potential contaminant
loading in this unconfined system is from overlying
land use, which is primarily urban. The study is based
on two convergent flow paths defined by 20 monitoring
wellsand 7 production wells. Data from six of the
seven production wells were collected as part of the
INSUS assessment. The flow paths originate near the
San Gabriel and San Bernardino Mountains and
converge in adischarge area near the city of San
Bernardino (fig. 3). NumerousVOC plumesin the
Inland Basin illustrate the length-scale over which
point sources of contaminants affect ground-water
quality, typicaly 3 to 6 miles (5to 10 km) (fig. 3).
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Urban Land-Use Studies

The primary objectives of NAWQA Land-Use
Studies are to assess the occurrence of water-quality
constituents in recently recharged ground water in a
specific land-use setting and to develop an
understanding of the natural and human factors that
affect ground-water quality (Gilliom and others, 1995).
In general, between 20 and 30 wells are sampled for
each LUS.

The Coastal Urban LUS (COLUS) was designed
to assess the effect of recent urban development on
shallow ground-water quality in the Coastal Basin.
Areas of new urban devel opment were delineated by
comparing residential and urban land uses from mid-
1960s topographic coverages with those from 1993
coverages generated by the Southern California
Association of Governments. These areas were
surrounded by buffer zones to exclude potential effects
from highways and railroads and then subdivided into
30 random, equal-areacellsusing agrid-based program
(Scott, 1990). This analysisyielded atotal area of 15
mi2 (39 km?), in which 31 shallow wells were drilled.
Wellswere located at least 0.6 mi (1 km) apart to avoid
the potential effect of overlapping land uses on ground-
water quality (Squillace and Price, 1996). The wells
were constructed to sample the upper 10 to 15 ft of the
unconfined aquifer (water-table) system and were
generaly less than 25 ft deep. Twenty-six wells were
sampled as part of the COLUS assessment.

California Aquifer Susceptibility Studies

In response to concern about potential
degradation of ground-water quality, the California
State Water Resources Control Board (SWRCB)
implemented the California Aquifer Susceptibility
(CAS) program with the objectives of assessing water
quality and determining the susceptibility of ground
water used for public supply to contamination resulting
from anthropogenic activities. The sampling program
utilizes age-dating and low-level VOC analysisto
evaluate the condition of the ground-water resource.
This comprehensive ground-water monitoring plan was
developed after public-supply wells became unusable
when methyl tert-butyl ether (MTBE) and industrial
solvents were detected in well water. The USGS
NAWQA program is collaborating with the SWRCB,

the California Department of Health Services (DHS),
the California Department of Water Resources (DWR),
and the Lawrence Livermore National Laboratory
(LLNL) to implement the CAS assessment.

The CAS studies utilize estimates of water age,
coupled with low-level VOC analysis conducted by the
USGS, to evaluate the susceptibility of public-supply
wells and, by inference, the potential for assessment of
the contamination of specific aquifers (Shelton and
others, 2001). These studies rely on tritium-helium
analysis conducted by LLNL to estimate ground-water
age. Age dating is used to determine the presence of
young water (recharged within 50 years) in thewell. In
some cases, the presence of low-level VOC
concentrations may provide early warning of
contamination moving toward a public-supply well.
These data can be evaluated in relation to location of
potential sources of contaminants and to hydrogeol ogy
in order to determine factors that control vulnerability
of the ground-water resource. Two CAS studies were
done in the Santa Ana Watershed; the OCCAS study
and the SANCAS study. The OCCAS study
encompassed wellsin Orange County and includes an
area dightly larger than the COSUS study (fig. 2). The
SANCAS study utilized production wellslocated in the
San Jacinto Basin.

STUDY METHODS

Description of Sampled Wells

Only production wells were sasmpled for the
SUS, COFPS, and CAS assessments: most of the wells
sampled were municipal- supply wells and were
determined to provide the best representation of the
ground-water resource in the Santa Ana Watershed
used for public supply. Municipal wells are the primary
source of water supply. A smaller number of domestic
and irrigation wells were used to obtain geographic
coverage in areas where municipal-supply wells were
not available.

A mix of production and existing monitoring
wells were sampled for the INFPS. Monitoring wells
wereinstalled and sampled for the COLUS assessment.
Well-construction data for these eight studies are
summarized in Appendix 1.
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Unigue NAWQA identification numbers (1Ds)
were assigned to each well sample using a three-letter
prefix based on the study and a numerical suffix
representing sampling order. For example, thefirst well
sampled for the COSUS study was given the ID
COS-1. Prefixes assigned for the other studies were
COL (COLUS), COF (COFPS), INS (INSUS), INF
(INFPS), OCC (OCCAS), SAS (SANSUS), and SAC
(SANCAYS).

One hundred and twenty-three wells were
sampled during studies in Orange County, which
includes the Coastal Basin (fig. 2). Twenty production
wells sampled for the COSUS study included 17
municipal-supply wells and 3 irrigation wells. These
wells ranged in depth from 98 to 1,550 ft; median
depth was 910 ft. Screened intervalsin these wells
ranged from 24 to 1,040 ft; median screen length was
575 ft. Of the 23 wells sampled for the COFPS
assessment, 19 were municipal-supply wells, 3 were
irrigation wells, and 1 was an industrial well. These
wellsranged in depth from 214 to 1,310 ft; median
depth was 447 ft. Screened intervalsin these wells
ranged from 9 to 780 ft; median screen length was 161
ft. Onewell (COF-8) was previously sampled as part of
the COSUS study (COS-11). Fifty-six municipal-
supply wellswere sampled for the Orange County CAS
(OCCAYS) study and consisted entirely of municipal-
supply wells. These wells ranged in depth from 306 to
1,132 ft; median depth was 495 ft. The screened
intervalsin these wells ranged from 26 to 1,132 ft;
median screen length was 495 ft. Five of the OCCAS
wells were previously sampled as part of the COSUS
study; OCC-3 (COS-2), OCC-7 (COS-20), OCC-17
(COS-18), OCC-20 (COS-19), and OCC-26 (COS-6).
Twenty-six monitoring wells were sampled as part of
the COLUS study. These monitoring wells ranged in
depth from 18.5 to 143.5 ft; median depth was 24 ft.
Most of the well screens are 5 ft long; however, severa
wells were installed with 10-foot screens. The tops of
the screens were generally set about 5 ft below the
water table.

Fifty wells were sampled during studies
conducted in the Inland Basin (fig. 3). The 29 wells
sampled for the INSUS assessment included 23
municipal-supply wells, 5 domestic wells, and 1
irrigation well. Six of the INSUS wells are along one of
the two flow paths selected for the INFPS. Data from

these wells (INS-5, -18, -19, -20, -27, and —28) were
evaluated in conjunction with data collected for the
INFPS. The additional 21 wells sampled for the INFPS
included 20 monitoring wells and 1 municipal-supply
well. Most of the monitoring wells have a 10- to 20-
foot screen and casing depths between 45 and 950 ft;
median well depth was 455 ft. The depths of
production wells used for the INFPS ranged from 396
to 1,020 ft; median depth was 580 ft. Screened depth
for these wells ranged from 92 to 434 ft; median screen
length was 250 ft. The production wells sampled for
the INSUS study ranged in depth from 225 to 1,180 ft;
median depth was 585 ft. Screened length for these
wells ranged from 50 to 740 ft; median screen length
was 266 ft.

Thirty-four wells were sampled for studies
conducted in the San Jacinto Basin_(fig. 4).
No wells were sampled in the Lake Hemet area
because only afew production wells tap shallow
aluvium (about 350 ft thick) in this part of the basin.
The 23 wells sampled for the SANSUS study included
18 municipal-supply wellsand 5 irrigation wells.
Eleven municipal-supply wells were sampled as part of
the San Jacinto CAS (SANCAS) study. The production
wells sampled for the SANSUS assessment ranged in
depth from 328 to 1,720 ft; median well depth was 696
ft. Screened length for these wells ranged from 154 to
1,320 ft; median screen length was 457 ft. Production
wells sampled for the SANCAS study ranged in depth
from 580 to 1,696 ft; median well depth was 1,030 ft.
Screened length for these wells ranged from 200 to
1,312 ft; median screen length was 710 ft.

Municipal-supply, domestic, and irrigation wells
were constructed of steel casing that may be a source of
iron, manganese, and other dissolved metal speciesin
the sampled water. No correlation was observed
between VOC detections and type of motor [ubrication
(water or oil) for the sampled wells. Shallow
monitoring wells for the COLUS study were installed
with a hollow-stem auger rig to avoid alteration of
water quality by drilling fluids typically used during
installation of production wells. The deep monitoring
wells sampled for the INFPS were installed with a
hydraulic rotary rig using bentonite drilling mud.
Monitoring wells were constructed of threaded, 2-inch
PV C casing to avoid use of glue, which is a potential
source of VOC contamination in well water.
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Samples from production wells were collected
from discharge valves |ocated as close to the well head
as possible and before any inline water treatment, such
as chlorination. Monitoring wellswere sampled using a
stainless-steel submersible pump that maintained
positive pressure on the water. Sampling lines
consisted of Teflon® tubing.

Within each basin, wellswere selected to sample
different zones of the ground-water system. Wells for
the urban land-use study tap shallow ground water in
recently urbanized areas of the Coastal Basin. This
water is not used for public supply or irrigation.
Monitoring wells near the coast may reflect pre-
development conditions, during which much of the
areawas a saltwater marsh. COFPS and some OCCAS
wells were completed in an aquifer of intermediate
depth used for public supply. Most subunit survey and
CAS weéllstap main, deep aquifer systems devel oped
for public supply in the Coastal, Inland, and San
Jacinto Basins. The INFPS monitoring wells have 20-
foot screensinstalled in the main, deep aquifer zone.

Sample Collection and Analysis

Water-quality samples were collected between
April 1999 and August 2001 following NAWQA
guidelines established for ground-water data collection
(Koterba and others, 1995). To ensure that the well had
been completely purged, approximately three casing
volumes were removed prior to sample collection.
During purging, field parameters including water
temperature, specific conductance, dissolved oxygen,
and pH (Appendix 2) were monitored in aflow-through
chamber until measurements stabilized, indicating that
arepresentative sample could be collected. For al sites
except one, samples were collected using Teflon®
tubing and stainless stedl fittings. One irrigation well
(COS-9) in the COSUS study could be run only for
several minutes at atime. A composite sample was
collected at this site from a spigot at the well head and
later split into sub-samples for processing and analysis.

Samples collected for determination of major
ions, nutrients, and trace elements were filtered using a
0.45-um capsulefilter. The cation and trace-element
samples were adjusted to a pH of 2 using nitric acid.
Most samples for dissolved organic carbon (DOC)
determination were collected in a stainless steel or
Teflon® chamber and filtered through a 0.45-um silver
membrane. DOC samples collected for the COLUS
assessment were processed using capsule filters as
recommended by interim NAWQA protocolsin effect
at that time. All nutrient and DOC samples were stored
in asealed cooler on ice and transported to the NWQL
for analysis. Pesticide samples were either filtered in
the field using a glass-fiber filter in an aluminum filter
assemblage or sent to the NWQL for filtering prior to
analysis. Pesticide sampleswere collected in 1-L baked
amber glass bottles and chilled with ice during storage
and transport to the NWQL. Unfiltered VOC samples
were collected in 40-mL septum vials leaving no air
space, preserved with 1:1 hydrolchloric acid, and
chilled with ice. Temperature of the chilled samples
was maintained at 4 degrees Celsius (°C) to minimize
the potential for chemical and (or) biological
degradation of dissolved constituents. Radon samples
were collected by inserting a syringe through a septum
in the pressurized sample line and allowing 10 mL of
water to collect in the chamber. This sample was then
injected below mineral oil in aglassscintillation vial to
prevent degassing of radon. Alkalinities were
determined in the field by incrementally titrating a
filtered sample with a standard solution of sulfuric acid
to pH 4.5.

After sampling at each site, the Teflon® tubing
was cleaned using a 0.1-percent solution of
nonphosphate detergent. The tubing was then rinsed
using about 3 gal (10 L) of tap water followed by de-
ionized water. After cleaning, thetubing was storedin a
clean, sealed, plastic bag. The DOC and pesticide
filtration assemblies and radon sampler were also
rinsed using the detergent solution, followed by tap
water and de-ionized water. The pesticidefiltration
assembly was given afinal rinse using pesticide-free
methanol, wrapped in aluminum foil, and stored in
ziplock plastic bags.

Study Methods 15



The samples were analyzed at the USGS
National Water-Quality Laboratory (NWQL) for
inorganic and organic constituents. The following
analytical methods were used: inorganics by various
methods (Fishman and Friedman, 1989; Fishman,
1993); DOC by UV-promoted persulfate oxidation and
infrared spectrometry (Brenton and Arnett, 1993);
radon-222 by liquid scintillation counting (American
Society for Testing and Materials, 1992); pesticides by
solid-phase extraction (SPE) technology on a C-18
cartridge and gas chromatography/mass spectrometry
(Zaugg and others, 1995); and VOCs by purge and trap
capillary gas chromatography/mass spectrometry
(Rose and Schroeder, 1995). In addition to the
established analytical schedule used for pesticides, a
provisional analytical schedule was used for the
COSUS, COLUS, INSUS, and SANSUS assessments.

Thismethod is described by Furlong and others (2001).

Quality Control

Quality-control samples were collected and
analyzed to qualify the interpretation of water-quality
data and to describe bias and variability in data
associated with sample collection, processing,
transportation, and laboratory analysis (Koterba and
others, 1995). Blank samples (blanks) consisting of
inorganic- and organic-free water were analyzed by the
same methods used for ground-water samples. Four
types of blanks were collected; field, source-solution,
equipment, and trip. Quality-control sample datafrom
eight ground-water studiesin the SantaAna River
Basin from 1999 to 2001 were used for this analysis
(Appendix 3). Datafor constituents that were
guestionable on the basis of field-blank analyses were
identified and are summarized in Appendix 3.

The USGS NWQL collects quality-control data
on acontinuing basis to determine long-term method
detection levels (LT-MDLSs) and |aboratory reporting
levels (LRLS). These values are re-evaluated on an

annual basisusing current quality-control dataand may
change periodically. The LT-MDL controls false
positive error. The chance of falsely reporting a
concentration greater than the LT-MDL for asample
that did not contain an analyteis 1 percent or less. The
LRL controlsfalse negative error. The chance of falsely
reporting anondetection for a sample that contained an
analyte at a concentration equal to or greater than the
LRL is1 percent or less (Childress and others, 1999).
LRLsvary for different analytesin relation to chemical
behavior and may change when laboratory analytical
techniques are modified or new instrumentation is
used. Additionally, some concentrations below the
LRL are reported by the NWQL when specific
analytical criteriawere met, and these concentrations
are compiled in separate appendixes. LRLs are
generally twice the value of LT-MDLs (Childress and
others, 1999).

Field-blank data were used to evaluate potential
sample contamination and bias introduced during
sample collection and analysis. Field blanks were
prepared on site using water that was certified free of
the selected constituents. The blank water was pumped
through the sampling equipment, processed, and
transported using the same methods used for the
ground-water samples. Fourteen field blanks were
prepared and analyzed for major ions, 14 for trace
elements, 9 for DOC, 14 for pesticides, and 26 for
VOCs. A constituent may be of potential concernifitis
detected in one or more blanks and is detected in
ground-water samples, and the minimum concentration
detected in ground water is less than the maximum
concentration detected in the blanks. Concentrations of
analytes in ground water that were detected in a blank
and were below the LRL are flagged in tables listed in
the appendixes.

Six major ions were detected in blanks at
concentrations lower than the minimum concentration
detected in ground-water samples (Appendix 3A).
Therefore, major inorganic constituent concentrations
appear to be unaffected by contamination or bias.
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Five nutrients and DOC were detected in blanks
and in ground water, and the maximum concentration
detected in the blanks was greater than or equal to the
minimum concentration detected in ground-water
samples (Appendix 3A). With the exception of
ammonia plus organic nitrogen, the concentrations
detected in blanks were below the respective laboratory
reporting limits (LRLS); concentrations below LRL are
qualified as estimated (E) in the Appendixes. The
maximum concentration of ammonia plus organic
nitrogen was 0.33 mg/L, which is greater than the LRL
of 0.1 mg/L; concentrations in ground-water samples
below 0.33 mg/L may be less than the reported val ue.
Detections of nutrients at or near the LRL are well
below the applicable EPA maximum contaminant
levels (MCLs), and therefore do not affect
interpretation of nutrient data.

Seven trace elements were detected in blanks and
ground water (Appendix 3A). Barium was detected in
blanks, but at concentrations lower than the minimum
concentration detected in ground-water samples.
Selenium was detected in afield blank at a
concentration below the LRL ; concentrationsin ground
water below the LRL are qualified as estimated. Boron
and manganese were detected in asingle field blank
that was prepared 2 hours after sampling an INFPS
well that had high concentrations of both constituents.
There were anumber of other constituents, especially
VOCs, detected in the same field blank. These
detections may indicate carry-over of constituentsfrom
the previously sampled well. Boron and VOC
concentrations were greater in ground water from the
next well sampled after blank preparation; given the
relatively large volume of water passed through the
sampling apparatus during the sampling of awell in
comparison with the volume of blank water used, the
concentration in this sample is considered
representative of concentration in ground water. The
manganese concentration, however, in water from the
next well was lower than that observed in the blank;
this value may reflect carryover and is flagged with
bracesin Appendix 7. Manganese was hot detected in
two wells subsequently sampled, indicating adequate
cleaning of the sampling and processing equipment.

Aluminum, copper, and zinc were each detected
in two or more blanks, the maximum concentration was
greater than both the LRLs and the minimum
concentration detected in a ground-water sample
(Appendix 3A). Ground-water samples that had
concentrations near the maximum blank concentrations
may not represent actual concentrationsin ground
water. Concentrations observed in blanks were well
below applicable MCLs, and therefore do not affect
interpretations of trace-element data presented in this
report.

Two pesticides were detected in field blanks and
in ground-water samples; concentrations detected in
the field blanks were above the LRLs and greater than
the minimum concentration detected in ground-water
samples (Appendix 3A). Although detected in afield
blank collected as part of the INSUS study (Appendix
3B), p,p’-DDE was detected only in ground-water
samples collected as part of the COFPS and COLUS
assessments. Considering the separation in time and
space of these studies, the detection of p,p’-DDE ina
field blank is not considered related to detectionsin
ground water. Molinate was detected in afield blank
and in ground-water samples collected as part of the
SANSUS study (Appendix 3B). The field blank was
prepared subsequent to sampling awell where molinate
was not detected; the molinate concentration in the
blank was more than ten times higher than the LRL.
The occurrence of arelatively high concentration in the
blank and non-detection in the well previously sampled
suggests that contamination was limited to the blank.
No ground-water samples were collected after thefield
blank was collected.

Eighteen VOCs were detected in field blanks
(Appendix 3A); of these, 17 were also detected in
ground-water samples. Because of the large number of
VOCs detected in field blanks, the data were evaluated
on astudy-by-study basis (Appendix 3B).
Concentrationsin blanksfor each study were compared
with concentrations detected in ground-water samples
from the same study. If the concentration of aVOC
detected in a blank sample was greater than the
minimum concentration in associated ground-water
samples, then the concentration(s) determined for
ground water may be influenced by contamination.
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If aVOC was detected in afield blank in a
particular study, then the concentration detected in the
field blank was compared with the concentration
detected in the associated source-solution blank. I the
source solution was identified as the source of the
detection in the field blank, then contamination of
water samples by the VOC was not of concern in that
study. If the detection could not be related to a
detection in the source solution, the concentration in
the field blank was compared to the concentration
detected in ground-water samples collected prior to the
blank for possible carryover. If carryover wasidentified
as the cause of the detection in the blank, then
subsequent ground-water samples and subsequent field
blanks were evaluated for evidence of additional
carryover. Values potentially affected by carryover are
flagged (identified by braces) in the appendixes.
Alternatively, if adetection in a blank was above or
near the LRL, and was accompanied by many
nondetections in ground-water samples obtained prior
to and subsequent to the field blank, then the
contamination was assumed to be limited to the blank.
And finally, if adetection in ablank could not be
related to the source solution, to carryover, or to
contamination limited to the blank, then al ground-
water samples with concentrations lower than the
maximum blank value are of potential concern.

Many of the VOCs detected in field blanks were
not related to concentrations detected in ground-water
samples. Toluenein the COLUS blanksand chloroform
in the OCCAS blanks are related to contamination in
the source solution. PCE and TCE in the INSUS blanks
and chloroform, carbon disulfide, isopropyl benzene,
and n-propylbenzenein the INFPS blanks are attributed
to carryover, but affect only thefield blanks. Two of the
VOCs detected in field blanks were accompanied by
numerous nondetections in ground-water samples
obtained before and after the field blank; CFC 11 in the
OCCAS study and INFPS assessment, and TCE in the
INFPS assessment.

There are 5VOCs that may have contaminated
both blanks and ground-water samples. Benzene and
ethylbenzene detected in INFPS field blanks were

attributed to carryover that may have affected a
subsequent ground-water sample. Toluene in the
COSUS, OCCAS, and INFPSfield blanks;, MTBE in
the COLUS field blanks; and chloromethane in the
COFPSfield blanks could not be attributed to a specific
cause. The values that may be affected by
contamination are flagged (placed in braces) in
Appendixes 11 and 12. Flagged concentrations were
not excluded from computation of detection
frequencies.

Replicate samples were collected to assess
variability of the analyses for inorganic constituents,
nutrients, dissolved organic carbon (DOC), pesticides,
and VOCs. The mean relative standard deviation
(MRSD) was used for this assessment, which is defined
as 100 times the standard deviation divided by the
mean concentration for each replicate pair of samples.
If one valuein asample pair was reported as a
nondetection and the other value was reported as an
estimate below the LRL, the MRSD was set to zero
because the values are mathematically identical. If one
value in asample pair was reported as a nondetection
and the other value was greater than the LRL, then the
nondetection value was set equal to one-quarter of the
LRL and the MRSD was calculated (Childress and
others, 1999). The MRSDs for al constituents except
nickel (about 28 percent) were less than 20 percent;
most were below 10 percent (Appendix 3C). Values of
MRSD less than 20 percent are considered acceptable
in these studies. High MRSD values for a constitutent
may indicate analytical uncertainty at low
concentrations, particularly for concentrations below
the LRL.

Surrogates (compounds that behave similarly to
pesticide or VOC analytes, but are not usually present
in ground water) were added to all pesticide and VOC
samples at NWQL before sample analysis to evaluate
the accuracy of laboratory analytical methods. The
mean recoveries of the surrogatesin all ground-water
and quality-control samples analyzed for pesticide and
VOCs were between 70 and 130 percent, whichis
considered acceptable.
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Field- and |aboratory-spike samples are made by
adding solutions containing known amounts of
pesticides and VOCs to replicate ground-water
samples. Spike recoveriesfor these analytes are used to
evaluate bias of the analytical results related to matrix
interference or methods of sample collection and
analysis. Replicates of pesticide and VOC field-spiked
samples also were collected. The compounds with
relatively low recoveries are of potential concern if
environmental concentrations are close to the MCLSs; a
non-exceedance of an MCL could be falsely indicated.
Compounds at concentrations below established MCLs
and with recoveries|essthan 70 percent were either not
detected in environmental samples or were detected at
concentrations less than one tenth of the MCL, and all
recoveries were greater than 20 percent. Therefore, it is
unlikely that there is false under-reporting of MCL
exceedances for these compounds. The compounds
with relatively high recoveries are of potential concern
if the environmental concentrations exceed MCLS,
since a high recovery could falsely indicate an
exceedance of MCL. With the exception of benzene
and naphthalene, there were no exceedances of MCLs
for compounds with recoveries above 130 percent. If
corrected for high recoveries, benzene (523 percent)
and naphthalene (159 percent) data also are below
MCLs.

Concentrations of forty-seven pesticides
(laboratory schedule 2001) were measured in field-
spiked samples; 42 of these had mean spike recoveries
between 70 and 130 percent (Appendix 3F). The mean
relative standard deviation of all pesticide-spike
replicate pairs was less than 10 percent. Most
pesticides that had mean recoveriesin spiked samples
of lessthan 70 percent or greater than 130 percent were
not detected in ground-water samples. Spike recovery
for carbaryl was slightly high (152 percent), but
correction for this did not affect carbaryl detection
frequency. Carbofuran also had a slightly high mean

recovery (141 percent), but it was not detected in
ground-water samples. Mean recoveries of three
pesticides p,p’ DDE, permethrin, and disulfoton) were
lower than 70 percent (49, 54, and 58 percent,
respectively), indicating that these pesticides may not
have been detected if present in low concentrationsin
some ground-water samples. The pesticide p,p’ DDE
was detected in several samples at concentrations
below the LRL in the COLUS and COFPS
assessments; permethrin and disulfoton were not
detected in any ground-water samples.

Concentrations of sixty-five pesticides
(laboratory code 9060) were measured in laboratory-
spiked samples because field-spike solutions were not
available; forty-four of these had mean recoveries
between 70 and 130 percent (Appendix 3G). Of the
pesticides detected in ground-water samples,
imazethpyr was only present in concentrations|essthan
the LRL and had a mean recovery of 149 percent,
indicating that low concentrations of imazethpyr may
be overestimated. Five other pesticides had mean
recoveries greater than 130 percent, but they were not
detected in ground-water samples. The mean recoveries
of 16 pesticides were less than 70 percent (21 to 68
percent), indicating that these pesticides may not have
been detected if present in low concentrations in some
ground-water samples. One of these pesticides,
deisopropylatrazine had alow mean recovery (49
percent), but it was detected in 23 ground-water
samples; 18 detections were below the LRL. None of
the other 15 pesticides with [ow mean recoveries were
detected in ground-water samples. The MRSD of the
replicate pairs for five pesticides was greater than 20
percent (Appendix 3G); these five pesticides also had
low mean recoveries, less than 70 percent. Of these
pesticides, only deethyldei sopropylatrazine was
detected at a concentration above the LRL.
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Eighty-five VOCs were evaluated with field-
spiked samples; 51 had mean recoveries between 70
and 130 percent (Appendix 3H). The mean recoveries
of 12 VOCswere high (144 to 701 percent). Eight of
the 12 VOCs were detected in ground-water samples;
m- and p- xylene, naphthalene, sec-butyl benzene,
dichlorodifluoromethane, iso-propylbenzene, benzene,
methyl acrylonitrile, and n-propylbezene. Napthal ene,
iso-propylbenzene, methyl acrylonitrile, and n-
propylbezene were detected only in one well.
Concentrations determined for compounds with high
recoveries may be over-estimated in samplesrelative to
actual concentrations in ground water. The mean
recoveries of 21 VOCswere low (56 to 69 percent),
indicating that they may not have been detected if
present in low concentrationsin ground-water samples.
Of these 21 VOCs, 7 were detected in ground-water
samples; methylene chloride, cis-1,2-dichloroethylene,
1,1-dichloroethylene, o-xylene, trichloroethylene, 1,1-
dichloroethane, 1,3,5-trimethylbenzene, and trans-1,2-
dichloroethylene. The MRSDs of thereplicate pairsfor
all but one VOC (dichlorodifluoromethane) were less
than 20 percent (Appendix 3). Field-spiked samples of
dichlorodifluoromethane had a mean relative standard
deviation of 23 percent, and also a high mean recovery
of 181 percent. Dichlorodifluoromethane was detected
in only one well at a concentration near the LRL.

In summary, field-blank data indicate that major
inorganic data were unaffected by contamination or
bias. Based on field-blank results, concentrations of
ammonia plus organic nitrogen greater than 0.33 mg/L
may be over-estimated; results for the remaining
nutrients and DOC do not affect interpretation of the
data. Environmental concentrations of seven trace
elements detected in blanks (barium, selenium, boron,
manganese, aluminum, copper, and zinc) are well
below MCLs and interpretation of the data was not
affected. Two pesticides(p,p’-DDE and molinate) were
detected in blanks; contamination appeared to be
limited to the blanks. Eighteen VOCs were detected in
field blanks; most of these VOCs were not related to
concentrations detected in ground-water samples. Five
VOCs may have contaminated both blanks and ground-
water samples; benzene, ethylbenzene, toluene,

MTBE, and chloromethane. Mean rel ative standard
deviations (MRSDs) for replicate samples werelow for
all constituents except nickel. High MRSD values may
indicate analytical uncertainty at low concentrations.
Most mean spike recoveries were within acceptable
ranges for pesticides. Detection frequencies were not
affected for pesticides with high spike recoveries.
Pesticides with low spike recoveries (p,p’-DDE,
permethain, disulfoton, deisopropylatrazene, and
severa others) may not be detected if present in low
concentrations in ground water. Eight of the twelve
VOCs that had high mean spike recoveries were
detected in ground-water samples; these concentrations
may be over-estimated. The mean spike recoveries of
21 VOCswere low, indicating that they may not have
been detected if present inlow concentrations. Seven of
these 21 VOCs were detected in ground water;
methylene chloride, cis-1,2-dichloroethylene, 1,1-
dichloroethylene, o-xylene, trichloroethylene, 1,1,1-
dichloroethane, 1,3,5-trimethylbenzene, and trans-1,2-
dichloroethylene.

GROUND-WATER QUALITY

In this section of the report constituentsin
ground water are discussed in groups of related
analytes; magjor ions, nutrients and dissolved organic
carbon, trace elements, isotopes, pesticides, and VOCs.
Magjor-ion data are used to classify water types. The
discussion of nutrients centers primarily on nitrate in
the context of redox condition. Trace elements are
discussed in the context of water-quality standards and,
where applicable, in relation to redox stability of
dissolved species. Stable isotopes of hydrogen and
oxygen are used to help classify water types and
sources. Pesticides and VOCs are discussed in relation
to frequency of detection above the laboratory
reporting limit (LRL). The order of discussion of
pesticide and VOC data for individual ground-water
basinsis determined by relative detection frequencies,
beginning with the basin having the greatest number of
detections.
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Datafrom each of the eight studies are compared
to EPA water-quality standards. In each section, such
as“Mgjor lons,” datafrom each study are discussed in
order of exceedance frequency of EPA standards.
Primary maximum contaminant levels (MCLSs) for
drinking water establish the permissible level of a
contaminant in drinking water to protect human health.
MCLsare legaly enforceable. Secondary MCLs were
established to protect the aesthetic qualities of water
and are recommended levels that are not enforceable.
Proposed MCLs (PMCLSs), such asfor radon and
uranium, are not currently enforceable. In addition to
the PMCL, thereis aso an aternative PMCL
(APMCL) for radon gasthat islinked to a“ multimedia
mitigation” program to reduce radon in drinking water
to acceptable levels (US EPA, 1999b).

Major lons

Water samples were analyzed for the major ions
calcium, magnesium, sodium, potassium, chloride,
sulfate, fluoride, bromide, and silica (Appendix 4).
Alkalinity, bicarbonate, and carbonate were determined
in the field. The total concentration of dissolved solids
also isreported as a calculated sum of total dissolved
solids (TDS) and as residue on evaporation at
180 degrees Celsius. Significant differences between
the two values may result from high concentrations of
dissolved organic compounds not included in the TDS
value, which accounts only for inorganic parameters.

Trilinear diagrams showing relative
concentrations of major ions were constructed for the
Coastad, Inland, and San Jacinto Basins (figs. 5, 6,
and_7) to identify major groupings and geochemical
trends. These diagrams are useful in displaying the
effects of mixing water from two different sources. A
mixture of water will plot along astraight line between
the source compositions, as long as the mixed solution
composition was not altered by processes such asion
exchange, precipitation, or dissolution of salts.

Production wells sampled in the Coastal Basin
yielded water in which the dominant cations were
calcium or sodium; dominant anions varied between
bicarbonate, chloride, and sulfate (figs. 5, 6, and_7).
Relative magnesium percentages were generally low
for al studies. Water from some urban land-use wells
shows evidence of seawater intrusion on the basis of
elevated relative sodium and chloride percentages

(fig. 5). These monitoring wells are not typical of the
other studies, which utilized deep, production wells;
the COLUS wells tap shallow ground water that is not
used for supply or irrigation. Many of these shallow
monitoring wells near the coast may reflect

predevel opment conditions; much of the areawas
marshland in which evaporation and geochemical
conditions have affected water quality. Aside from this
influence, the urban land-use wells probably reflect soil
chemistry and the effect of landscape-maintenance
practicesin theimmediate vicinity many of thesewells.
Shallow COLUS wells near the Huntington Beach oil
field may be affected by disposal of petroleum brines
or upwelling of brine from deeper aquifers. In the past,
disposal of petroleum brine was handled by discharge
to streams or “evaporation ponds’ (Todd, 1980). Oil
companies began discharging wastewater and brines to
lagoons at the southern end of the Huntington Beach
oil field near the coast in 1938. Constituents found in
the wastewater included phenal, benzene, xylene,
toluene, sulfuric acid, chromic acid, and lead (Schou,
1997). These wells are located in the historic discharge
zone of the coastal aquifer system and therefore
shallow ground water may have dissolved constituents
derived from the deep ground-water system.

Ground water in the Coastal Basin had the
greatest range in major-ion composition. The range in
composition reflects the influences of activities and
conditions in upgradient areas of the SantaAnaBasin
(fig. 1). Other factors that may affect ground-water
quality include artificial recharge to the ground-water
basin using water from the SantaAnaRiver, infiltration
of imported water used to reduce ground-water
pumpage, and infiltration of recycled wastewater that
constitutes the majority of base flow in the SantaAna
River. Ground water in the Coastal Basin may be
divided into three general zones based on lateral
distance from recharge facilitiesin the forebay. Ground
water near the recharge basins reflects the recent
quality of recharge water. The quality of ground water
at the distal end of the flow system in the confined
aquifers near the coast represents predevel opment
conditions (native ground water) and, in some areas,
may be affected by seawater intrusion. Ground-water
quality in the intermediate area between the recharge
basins and distal zone reflects historical variation in
recharge water quality and mixing with native ground
water.
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Coastal Basin
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Figure 5. Major-ion composition of ground-water samples from the Coastal Basin., Santa Ana NAWQA, California
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Inland Basin
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Figure 6. Major-ion composition of ground-water samples from the Inland Basin, Santa Ana NAWQA, California.
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San Jacinto Basin
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Figure 7. Major-ion composition of ground-water samples from the San Jacinto Basin, Santa Ana NAWQA, California.
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Additionally, studies in the Coastal Basin reflect
vertical variability in water quality in shallow
(COLUS), intermediate (COFPS, OCCAYS), and deep
(COSUS, OCCAYS) aquifers. The quality of shallow
ground water sampled for the COLUS study, generaly
within afew tens of feet of the land surface, islikely
related to the historical marsh landsin much of the area
and to recent land use near the wells, such aslandscape
maintenance. The deeper wells sampled for the other
studies reflect lateral zonation of water quality along
ground-water flow paths.

Most wells sampled in the Inland and San
Jacinto Basins produce water from deep aquifer zones.
Most samples of ground water in the Inland Basin were
a calcium-bicarbonate type, which may reflect the
quality of recharge originating in pristine, high-atitude
areas of the adjacent San Gabriel and San Bernardino
Mountains (figs. 3 and_6). Other factors that influence
ground-water quality in the Inland Basin include
recharge from the Santa Ana River, discharge of
recycled wastewater to the river, and use of imported
water in the basin. Because the sampled wells tap
unconfined aquifers, ground-water quality also may be
influenced by introduction of compounds generated by
overlying land-use activities.

Composition of most samples of ground water in
the San Jacinto Basin (fig.7) ranged between calcium-
bicarbonate to sodium-calcium sulfate types. Samples
from some wells were high in bicarbonate and low in
sulfate. 1zbicki (1991) suggest that ground water
enriched in bicarbonate and depleted in sulfate may
have resulted from sulfate reduction. The presence of
methane gas in some wellsis evidence of localized
reducing conditions in the aquifer. Major factors that
may affect ground-water quality include high
evaporation rates due to the arid climate of this basin,
extensive use of imported water, use of recycled
wastewater for ground-water recharge, and recharge of
low-TDS, calcium-bicarbonate water originating in the
adjacent San Jacinto Mountains.

Boxplots are used to display variability in TDS
(figs. 8 and_9) and nitrate concentrations in the Santa
Anaground-water studies. Boxplotsillustrate features
of data distribution, including the median (central)
value, the interquartile range encompassing the central
50 percent of the data, and outlying data points, which

are outside the expected range. All outliersfor the
current studies were above the 90th percentile and are
represented by circles.

The EPA secondary maximum contaminant level
(MCL) for TDS (500 mg/L; US EPA, 1996) was
exceeded in water from 39 percent of all production
wells sampled and from 92 percent of the COLUS
monitoring wells. One COLUS sample had aTDS
concentration of 25,500 mg/L (Appendix 4). The
quality of water from these shallow monitoring wells
may reflect the historical marsh environment in much
of the area and the effect of landscape maintenance
practicesin the vicinity of the wellhead. Wellsin the
Coastal Basin generally had greater TDS
concentrations than did wells in the other two basins
(figs.8 and 9). The TDS secondary MCL was exceeded
in 71 percent of the COFPS wells, which tap an
intermediate aquifer zone used for water supply. The
TDS secondary MCL was exceeded in 45 percent of
the COSUS wells, which tap a deep aquifer zone used
for water supply. Higher TDS concentrations in the
COFPS relative to the deeper COSUS wells may reflect
closer proximity to engineered recharge facilities and
shorter flow paths in the COFPS system. TDS
concentrations have increased in municipal-supply
wells as a consequence of recharge of high TDS water
from the Santa Ana River and from imported Colorado
River water (Herndon and others, 1997). High TDS
concentrations in ground water from the Irvine
subbasin in the southeastern part of the Coastal Basin,
relative to the main subbasin, may be related to
recharge of saline water from marine sedimentsin the
adjacent SantaAna Mountains and to irrigation
practices (Singer, 1973).

The secondary MCL for TDS was exceeded in
water from 39 percent of the wells sampled in the San
Jacinto Basin. This exceedance probably reflects
recharge by low-TDS runoff from the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>